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It  has  bam  generally  recognized  thaT,  a  need  exists  for  more  precise 
and  comprehensive  methods  or'  predicting  weapon  system  total  coats*  This 
costing  problem  become-,  *.niy  magni  t  ied  in  the  case  of  postulated  weapon 
systems  which  are  radical.  ■  .lift e rent  from  any  s ya+«a  on  which  actual  cost 
data  is  available.  Since  historical  costs  provide  the  most  reasonable 
basis  for  projecting  future  costs,  it  .is  desirable  to  develop  historical 
data  relationships*  These  relationships  are  gensraily  referred  to  as  foot 
Factors  or  Cost  Estimating  Relationships  (CER’o). 

The  CER^s  are  developed  by  gathering  and  process  .g  historical  data 
and  applying  various  statist ical  techniques.  Thia  paper  reviews  the  statis¬ 
tical  techniques  that  are  most  appropriate  for  accomplishing  thia  task 
and  provides  ailuat rations  of  the  application  of  these  techniques.  S«m 
of  the  pitfalls  or  difficulties  in  developing  and  utilising  CER'e  are 
also  discussed. 

This  paper  has  been  developed  to  assist  the  general  AFSC  effort  to 
stimulate  activity  'by  the  Division  in  developing  CER’e.  It  is  also 
intended  for  discussion  purposes  by  members  of  the  "Statistical  Tech- 
niqua8n  Panel  of  the  AFSC  Cost  Conference  at  Electronics  Systems  Division* 
L»G.  Hanecon  Field  ok  .>-?  June  1962. 
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Cost  Prediction  Based  on  Utilization 


Coat  Estimating  Problem 

Similar  problems  are  encountered  by  Air  Force  and  Industry  cost 
estimating  personnel  in  th**  development  of  "accurate"  cost  estimates 
for  advanced  systems.  All  too  frequently  th*»  cost  analyst  must  prepare 
a  program  cost  estimate  for  a  newly  conceived  system  based  upon  nebulous 
data  -  ths  configuration  has  not  been  identified,  the  statement  of  work 
is  inadequate,  and  the  time  allotted  for  preparation  and  evaluation  ic 
unrealistic.  However,  these  conditions  can  be  e:xp*cted  to  continue  in 
advanced  systems  cost  estimating,  and  the  cost  estimator  must  develop 
the  ability  ro  compensate  for  gaps  in  data  by  employing  available 
statistical  techniques  and  individual  judgment. 

Considerable  contractor  cost  information  is  also  available,  both 
ac*ual  and  planning  type,  which  helps  to  expand  the  base  for  system  coat 
predictions.  This  is  an  advantage  that  Air  Force  cost  personnel  have 
over  their  industry  counterparts,  in  that  the  historical  experience  does 
not  represent  one  source  alon.  The  benefit  of  cost  comparisons  of  the 
different  contractors'  estimates  is  therefore  gained. 

However,  caution  must  be  exercised  in  the  use  of  any  historical  and 
current  data.  Changes  in  configuration,  work  statement specification*, 
delivery  schedu1es,  or  in  other  concurrent  programs  all  produce  significant 
effects  upon  ,ost.  They  muet  be  recognized  and  identified  before  conclu¬ 
sions  'jxi  recommendations  are  prepared  based  upon  the  available  data. 


1 


f  stagi  Cost  Estimates 

Total  eystea*  costs  result  from  the  consolidation  of  the  following 
thr«<»  <3)  programing  categories: 

to  RD1&E  (Research,  Development,  Test  &  Evaluation) 

be  Investment  (Hardware  production,  initial  training,  supplies,  ate.) 

q«  Operations  (Annual  Operating  Coats) 

Bach  01  the  above  programing  categories  oust  be  further  identified 
by  Air  Fore©  fiscal  year  for  the  appropriate  distribution  of  the  total 
fund  re.{Uirsia'=,nts  in  terms  of  New  (obligation  Authority  required  and/or 
anticipate'  expenditures. 

In  addition  to  present  og  the  System  Cost  Estimates  as  outlined 
at”  ■  M  •  ''f-4?  and  DOD  frequently  demand  extensive  M  hack -up"  and  Justifi¬ 
cation  details  to  support  the  magnitude  of  the  x>st  estimate.  This  hae 

not.  bhC’s  accomplished  to  the  satisfaction  of  the  so  staff  agencies  in  the 
,  'ns  sw  i'  c.:us*»  of  this  dissatisfaction  can  be  attributed  to 
the  conspuuuus  absence  of  the  use  of  co3t  factors  in  the  projection  of 
the  cos'  estimates.  It  is  difficult  to  inspire  confidence  in  an  estimate 
wt:  th-..  coat  estimator  states  that  the  cost  estimate  was  developed  from 

previous  experience  and  judgment,  aid  is  unable  to  provide  a  progressive 
cost  calculation  in  a  logical  step  sequence  concerning  with  selected 
basic,  data.  However,  this  ia  very  often  the  case. 

Use  of  CEF’s  in  Cost  Prediction 

The  problems  outlined  in  the  preceding  paragraphs  firm  the  background 
for  fchiti  discussion  of  cost  prediction  -trough  utilization  of  cost  factors 
or  Cost  Estimating  Relatic nan ipe  (CHtT»,'.  This  ic.iniqu-?  or  methodology  is 


9cc sni i&lly  nothing  more  than  a  precise  method  of  predicting  coats  of 
a«v#r-vc«d  ejr  terns  based  upon  the  development  and  utilisation  cf  CER’a. 

Deve’N.- :,vnt  of  ('KR:s  depends  upon  the  availability  of  pertinent 
historical  data.  The  necessary  basic  or  historic*!  data  may  cover  a 
broad  spectrum  of  information  sources,  both  financial  and  non- financial 
bat?  nrast  be  available,  for  example,  wh.ic.  curtains  to:  Mission  req-  '  •  • 
manta,  planned  configuration,  design  and  performance  characteristics,, 

AM PR  veighta,  quantity  and  rate  of  production,  logistic*,  and  a  wv'titudu 
cf  .r.er  variables. 

Obviously,  discretion  and  judgment  must  be  exercised  in  the  applicable.:: 
of  CPU's  based  on  the  cost  estimator's  knowledge  of  the  specific  ccst  problw* 
a  \j  f  the  quality  ar.d  validity  of  the  basic  da* a. 

<'ER  C eriyat ion 

first,  what  is  a  CER?  It  is  a  functional  expression  which  state* 
t:  at  the  -cast  of  an  item  t*y  be  predicted  on  the  ba^is  of  one  or  more 

independent  variables.  This  expression  may  be  stated  as:  c  -■  f(Xj  Xp - X, ) 

»  .-era  C  equals  cost  and  Xp — Xn  may  represent  any  number  of  cost  predicting 
The  most  common  and  widely  used  function  is  of  the  form 
Y  -  hi  where  the  total  cost  (Y)  depends  upon  a  variauie  X  (where  '/  aay 
;:r  *.*  *nt  .lumber  of  pounds,  flying  hours,  etc.)  amltip’  ’ « *.  by  a  constant 
1'  b  *  cost  per  pound,  cost  per  flying  hour,  etc.)  This,  of 

course,  i;  an  oversimplified  case,  but  is  illustrative  of  the  potential 
utilization  of  CEE's  in  the  development  and  Justification  of  cost 
estimates.  The  foregoing  example  is  that  of  a  linear  function,  or  straight 
lir.e  relationship  where  the  constant  (C5R)  may  represent  "c©ot  per  person". 
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''?oot  per  flying  hour1',  'coat  per  pound",  etc.  This  function,  in  reality, 
1«  of  the  dm  :  •  •  +  tX,  where  a,  the  fixed  cost  value*  equals  sero. 

'«gr essivr  me*  therefore,  when  plotted  ^  graph  paper  will  cross 
tho  1  axis  at  T  *  0,  This  indicates  that  there  are  nc  fixed  costa 
included  in  this  expression  ~  only  variable  costs.  Therefore,  the  total 
r  var •.<=■*  ulrectly  with  the  change  in  magnitude  c”  the  variable. 

■  t  u  .:y,  '.here  a.-?  many  situations  in  wfacn  total  cost  will  incloc- 
■=•  -rstant  fixed  cost  as  well  as  an  increment  of  variable  cost  depend.4  r.; 

■> ;  '  -'9  of  the  independent  variable  (.the  X  value) .  In  this  cao 

tc  tiend  Iollows  a  linear  pattern,  the  function  Y  -  a  +  but  becomes 
n  appropriate  estimating  equation  '.'or  total  coat., 

■  titial  step,  then  :  c  './.oping  CEP’s  is  to  evaluate  and 
the  appropriate  predicting  varied  as.  In  order  to  do  this,  one  must  first 
aow  *h  types  of  ccr.it  v  reded,  and  in  what  manner  they  should  be 
stru-ii  trad.  Ibm.  formats.,  in  g a:~  -ai  usage  today  for  conealid&t  ing  total 
*f*tm  costs  are  shown  as  Table s  d,  and  III,  In  added  to  ether 
formate  may  be  designed  to  fit  the  particular  needs  of  a  specific  cost 

1  ,  ,j  x,. 

"•  .iWlj  • 

U'l.e  the  format  l .  a ;?  -t-eu  --/sVabj.  ishtd  which  ou  t  im,  the  typw:s  of  costs 
needed,  and  the  preecrifced  manner  in  which  they  must  be  g  -'uped  or 
sefr«ir  «i,  n  research  - -eg  •••  am  cai  *  innia'-d  ». .th  the  cbd/Mv-.  c: 

determining  the  significant  variable./  which  affect  cost.  As  Lidicat ••  i 
previously,  tone  of  the  cosmonly  us~4  variables  for  predicting  cost?  are: 
weigh.,  flying  heurs,  speed.  quantity,  payioad,  etc. 

It  i*  not  advisable  at  camp.  ;  use  every  possible  variable  to 


&  substste*  cos  ‘ 


i  ijw/uI nt  effect  or:  cost.-  In  some  cases,  the  effect  n  cost  i taj  be 
',o  negligible  as  not  to  warrant  the  effort  to  be  expended.  In  order  to 
reduce  this  task  to  manageable  proportions,  therefore,  it  is  necessary 
to  process  the  basic  data  that  has  been  collected  a.  i  then  identify  the 
mos i  significant  variables  by  means  of  a  number  of  statistical  techniques 
that  are  available. 
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TA&-S  I 

Ease&rch  and  Development  Costs 
Design  It  Dev»lepKsnt 

Pr#lisalr»ary  Study  &n d  Design 
Design  Sag  inhering 
H&rdvr&re  Fabrication 

Tv-'.  .  'i 

*$3  "■  vV  £•  « '  &  *  ‘  a  .V  y  r ■  -5  n 

Vehicle  Fabrication 
?1  ig'it.  ?*st  Operations 
Tea:.  Equipment 
Installations 

Other  Resa&reh  &  Development  Cosv.fl 
Depot  Maintenance  &  Supply- 
Minor  Modifications 
Other 

Total  Research  &  Development  Cost 


Instsll&t ions 
Equips^  nt 


rA&K 


Pri mry  Mission 
Specialized 

Cthor 

Squipg&sttt  Sparse  4  Spare  PferL? 
Initial  Stock  Levels 
Initial  Training 
Initial  Trarjspari&tion 
Initial  Travel 
Other 


Total  Investment  Cost 


TABLE  in 


Annual  Operating  Coats 

Bquipsw.it  &  Installations  Re  placement 

Pri-apv  Miss:.''"  Equipment 
Speci-lite4  r.:  ..war, 

Oth -at  Squip.'u';.  t 

Installation* 
iAftirt  *#<«?,  <;e 

Priaary  Mi* g ion  Equipment 

Sp •:  ’ ial  5  zed  Equipment 
Installations 
Pa j  &  Allowances 
Training 

Fuelg,  Lubricants,  and  Propellants 
Service?  and  Miscellaneous 


Total  Annual  Operating  Cost 


•-f 


Election  of  Significant  Variablea  by  Statistic Hsthodg 

After  th*  iasic  data  has  bean  gathered,  it  Kuet  be  statistically 
processed  to  enhance  its  validity  for  further  rass&rch,  Measures  ef 
central  tendency  (mean,  median,  and  mode)  should  be  applied  to  each 
sjsr^e*  of  data  to  -'.etermine  the  relative  reliability  of  the  data*  Thee 3 
statistical  measures  highlight  extreme  or  unusial  values  which  should 
then  be  deleted  from  the  aeris  of  data  or  adjusted  on  the  basis  of  known 
c^tess  for  unusual  deviations.  For  example,  a  given  angina  unit  ec-st 
my  be  considerably  higher  in  one  year  than  in  the  preceding  year  * 1  the  agh 
the  quantity  of  engines  is  the  same  in  both  years.  Noraally,  on*  world 
3jcp*'.t  the  'unit  cost  in  .is  second  ysat  ..u  iacrease  if  an  equal  ty  •  ntitr 
of  engines  is  being  procured*  However,  further  study  raay  reveal  that 
the  quantity  of  commercial  engines  on  or  der  in  the  second  yew  was 
dr  a?  tic  ally  reduced  b^lov.  the  number  on  order  in  the  previous  year. 

This  affected  the  unit  cast-  of  the  erg;  nes  being  produced  for  the  A.ir 
Force  and  caused  the  higher  unit  coct  experienced.  This  unit  coet  should, 
therefore,  be  adjusted  o-  deleter  from  the  series  of  data. 

Measures  of  dispersion  (range,  standard  deviation,  etc.)  shouxd  alao 
be  applied  to  provide  an  estimate  of  the  degree  of  variation  of  v.»iv.ae 
in  the  series.  The  greater  tie  aaeirit  of  scatter  which  occurs  about  the 
average,  the  less  predictable  will  be  any  projection.*  of  the  data,  fur 
exiinple,  Case  6  below  represent?  i  much  more  pr**H  let  able  relational  Ip 
than  Cass  Alt 


X 


1  a  .s  m  t  \ 


V 


Case  B 


e&eh  fsri«fi  of  d*.t-a  (for  every  variAfel#  affseting  ^&?»n 
system  coats)  has  bean,  stt.  *istic&lly  processed,  the  relationship  between 
any  tvo  or  more  'variables  asy  be  measured  mathematically.  For  example3 
assume  tnat  the  coat  of  an  engine  is  affected  net  only  byrfeh®  weight  of 
the-- engine,  but  also  by  the  thrust.  If  each  of  these  pareaetera  affected 
the  .  or.'  ? ovally  and  independently,  it  would  be  necessary  to  eeaput#  the 
relationship  of  the  coat  to  both  weight  and  thrust  in  order  to  derive  fchs 
best  est  mating  relationship#  This  is  a  such  acre  involved  computation 
than  a  ;np  ::  icon  cf  cost  to*  weight  alone,  or  cost  to  thrust  alone. 

It  is,  therefore,  advisable  to  first  determine  the  relationship  of  cost  t® 
each  ■*  ar.  st*  e  individually.  If  au  is  fou«d  that  thrust  bear#  only  a 
aiigh  .  c\  gten  :»r  relationship  to  tost  while  weight  is  closely  related 
bo  ooat-,  it  v  aid  tnrtly  be  necessary  tc  compute  thts-dtw  relationship 

*%ich  1. ^  .V  T  V.*. 4&il  the  comparison  of  three  or  more  vai  Plea. 

This  tec. nqur  ip  generally  referred  to  ns  Sijjple  Correlation.  I., 
ie  known  ae  Simple  Linear  Correlation  if  th  change  in  one  variable  is 

at  «  const-  t  Ax?  to  the  change  in  t-t.  other;  it'  ie  change  in  one 

variitue  is  at  an  increasing  or  decreasing  ratio  to  the  ch&ngo  in  the 
other  variable,  t  •  :  uchnique  la  •„«  i  i  t*i  oimplo  fJou  Linear  correlation. 


The  general  equation  for  computation  of  the  simple  coefficient  of 


correlation  let 

where  X  is  the  independent 
variable  (in  this  case,  weight  of 
engine),  Y  is  the  dependent 
variable  (unit  cost  of  engine 
in  this  case) 

o5«/s p--m*  ~ 

As  an  example  of  the  application  of  the  method  to  an  Air  Force  coot 
problem  assume  the  following  hyDotb«tical  set  of  data  for  a  group  of 
engines  which  were  developed  throuf\'  ^typical  growth  progression! 

H  X  I 


'.ng,  ins 

Last  Qty 
Procure! 

VeiMt  Per  Eng 
TLbs)  . 

Cost  Per 
Engine 

s\ 

107 

too 

90.0C0 

& 

.105 

420 

95,000 

S 

1C2 

t 

f  -V* 

100,000 

D 

105 

4‘X: 

105,000 

£ 

98 

500 

110,000 

To  keep  this  computation  relatively  oxmpie  and  easy  to  understand, 
it  will  be  assumed  that  since  the  quantities  procured  of  each  engirt 
vary  so  slightly,  the  quantity  variable  need  not  be  analysed  as  a  factor 
affecting  t.»e  unit  cost  variations.  Therefore,  the  computation  of  the 
relationship  between  X  and  Y  using  the  formula  for  the  coefficient  of 
correlation  (r)  given  in  the  previous  paragraph  results  in  r  -  0.9713. 


Tsia  indicates  that  th#  cost  of  any  given  engine  of  &  weight  within  the 
rsasgee  listed  in  the  above  table  can  be  reasonably  well  predicted  on  the 
basis  of  its  weight*  Ths  cost  of  an  engine  of  a  weight  exceeding  any  of 
the  weights  listed,  can  also  be  estimated  from  this  relationship,  but 
with  considerably  less  confidence.  Whenever  a  variable  is  projected 
(extrapolated)  beyond  the  range  of  existing  historical  data,  a  considerable 
amount  of  uncertainty  is  built  into  the  rssult. 

The  computed  relationship  (r)  can  be  used  to  develop  a  line  of  regres¬ 
sion  or  estimating  equation  which  will  provide  the  basis  for  predicting, 
in  this  case,  the  unit  cost  of  an  engine  of  any  given  weight  by  substitution 
of  the  given  weight  in  the  equation. 

The  general  equation  for  the  linear  line  of  regression  where  th* 
coefficient  c*1  correlation  has  already  been  computed  is: 


r  7- 


where  y  is  the  deviation  front  ito 
mean 


Urn  0.17/3 47*71.9*7!)  y 
*  3*.  ////  * 

*  itS.  tf3i>  % 

but  eince  tj*  y-7  i*  k-k 


and  x  is  the  deviation  from  its 
mean 


by  substituting  into  the  general 
equation  the  values  previously 
computed. 


then  y-f .  no.  tvi  (x-x) 


tii*r.fore  j-  ICO  OOO  m  tf0,tf3O  ( X  '  ¥£~°) 

«a’'  Y*  it.ytT.ttoo  +  ifff.jfsty 

*  —  .. — «  • . — 

**. 
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This  is  ths  estimating  equation  for  predicting  an  engine  unit  cost 
any  assumed  weight*  For  example,  what  is  the  cost  of  a  Caspar able 
Engine  weighing  600  pounds?  S imply  substitute  the  value  of  600  pounds  for 
X  in  the  equation  of  the  preceding  paragraph  as  foil owe  t 
Y  -  18,597.8800  +  180. £936  (  600) 
therefores  Y  **  $127,134  (coat  per  engine) 

However,  suppose  that  engine  thrust  also  has  a  significant r,  and 
independent  effect  upcu  unit  cost.  This  Implies  that  engine  weight  alone 
is  not  adequate  as  the  sole  predictor  of  the  engine  cost.  The  case  now 
becomes  one  where  two  or  more  variable  aunt  be  c capered  with  cost,  and 
requires  the  use  of  the  temnique  Imown  as  Multiple  Correlation. 

This  technique  involves  a  ouch  more  laborious  computation  then  the  simple 
correlation  method  which  has  been  illustrated  by  a  hypothetical  applica¬ 
tion.  A  auitable  example  of  the  application  of  this  method  is,  t her* fore, 
beyond  the  scope  of  thi«;  patxsr Consequently,  only  the  general  equations 
are  provided  here  for  anyone  interested  in  pursuing  this  form  of  analysis 
furthers 

Coefficient  of  Multiple  Correlation 

****  "  \j /- 

Liae.J?r_Eegrt»tion  or  Set  imaging  Equation  (assuming  a  linear  regression) 

Xt  e  J  +  h{2.3  -f  bl3.2.  X$ 

i 
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for  k  ncc -linear  multiple  correlation,  the  following  general  equation 
fcsr  th«  reaultlng  Kc;*~ilnear  regression  lino  may  bo  uaedt 

Xia,  4  ^ /  0^*)  ♦  f  CXl )  +  -  ••*  whep#  f(X  #tc)  «*y 

function  2of  X2»  etc*  Suoh  a*  a 
parabola,  hyperbola  or  other  type 
of  curve. 

8£J&±*LM*££3* 

It  it  la  desired  to  investigate  the  relationehip  between  two 
▼ariablee  without  going  through  the  involved  mathematical  procedure  of 
computing  coefficients  of  correlation,  a  device  known  as  the  Scatter 
Diagram  may  be  used.  The  two  series  of  values  are  plotted  graphically  on 
arithmetic  graph  paper  with  one  variable  (the  independent  variable)  placed 
on  the  X  axis  and  the  other  (the  dependent  variable-usually  cost)  on  the 
T  axis.  If  there  ie  a  definite  relationehip  resulting  from  plotting  the 
associated  variables  on  a  ch  -t,  the  points  will  follow  a  definite  line 
of  movement  or  "path"  as  foil  owe; 


If  the  relationship  ware  perfect,  each  pl*t  point  would  coincide 
with  a  computed  line  of  beet  fit  instead  of  being  randomly  scattered 
serose  the  fa oe  of  the  scatter  dlagri®. 

In  thi#  example,  the  plotted  points  do  not  all  fall  on  the  straight 
line*  Therefore,  the  relationship  of  the  two  variable*  ©bvicuely  is  net 
perfeett  However,  observation  of  the  scatter  and  path  oi  these  points  in 
relation  to  the  line  will  indicate  that  in  all  probability  a  straight 
line  will  describe  the  data  reasonably  well*  By  initially  using  this 
method  it  can  be  determined  whether  a  significant  relationship  exist* 
between  the  variables  before  consuming  an  extensive  amount  of  time  per¬ 
forming  the  rigorous  mathematical  computation*.  This  procedure  may 
obviate  the  need  for  the  mathematical  computation*  if  the  result  indicates 
a  lack  of  significant  correlation  between  the  variable#. 

M iSf 

— _ Another  jmII  known,— and  widely  used  aiatietica.1  technical*  is  the 

ratio.  A  ratio  expreeeee  the  relation  of  occurrence  of  a  given  kind  of 
event  to  th<  occurrence  of  other  #v#m,e  or  of  on#  kind  of  data  to  another. 
Is  fouailA  form  this  measure  is  represented  set 
Ratio  •  t/o 

where t  a  •  number  of  timet  the  event  occur* 

,  .  .  r  »  number  of  time#  another  event  occur# 

Ratio#  are  particulary  applicable  in  the  development  of  ooet  estimating 
relationships.  A  simplified  example  is  the  method  generally  used  in 
eetlaating  manufacturing  overhead  coete.  Overhead  is  almost  always 
regarded  as  being  a  linear  huaegeneoue  function  of  direct  labor  coet. 
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Thi*  method  of  t-rsatoant  obviously  aseuasa  that  every  item  in  the  overhead 
category  v«ri**  with  direct  labor  cost.  Although  it  is  known  that  certain 
of  'hsis  it  sac  do  not  (building  depreciation,  rent,  etc.),  the  percentage- 
of -dir  act  labor  approach  will  probably  continue  to  be  used  because  of  the 
ease  of  computation  and  Justification. 

A  somewhat  more  involved  application  of  rat lot  in  developing  CER’e 
may  .gain  be  illustrated  by  an  example  pertaining  to  estimating  the  cost 
of  engines  -  one  of  the  examples  contained  in  a  previous  paragraph 
Illustrated  a  method  of  computing  a  CER  to  estimate  engine  cost  based  on 
the  parameter  of  engine  weight.  It  was  further  indicated  that  ang.  le 
thrust  also  appeared  to  have  sane  influence  upon  engine  cost.  The  method 
of  multiple  correlation,  therefore,  could  be  utilized  to  determine  the 
total  Influence  upon  coat  of  both  weight  and  thrust.  However,  if  engine 
costs  are  examined  as  a  function  o*  the  dry  weight  of  tne  engine  divided 
by  ibruet-  (the-ao-cmUed  specific  weight)  the  ease  amount  of  cost  variation 
can  be  explained  by  utilizing  the  lest  complicated  eimple  correlation 
i technique.  Here  the  ratio  technique  has  been  used  to  reduce  the  number 
of  independent  variables  from  two  sets  (weight  and  thrust;  to  one 
(epocifio  weight),  thus  reducing  the  amount  of  work  required  4 o  derive  a 
cost  estimating  relationship. 


Engine 

Weight 

( pound*.) 

Thrust 

(SflP) 

Weight/Thruet 

X 

Cost/Sngine 

V 

T  56 

2930 

3700 

0.79 

$120,000 

T  5  9 

300 

1250 

0.24 

60,000 

•J  35 

uoo 

4000 

0.35 

90,000 
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Index  Numbers 


Still  another  commonly  used  statistical  technique  and  vitai.  tool 
of  the  cost  estimator  is  the  ,dex  number.  An  index  number  is  a  statis¬ 
tical  device  for  measuring  changes  in  groups  of  data.  It  ^s  of  particular 
value  when  nplied  to  the  yearly  changes  in  the  price  level.  This  measure¬ 
ment  is  known  as  a  pri*.  index.  Tt  provides  the  basis  for  adjusting  any 
prior  year  series  of  cc  c  data  to  current  dollars  c.  to  any  other  desired 
basis.  This  ie  obvious! v  an  important  tool  for  use  in  cost  comparisons, 
such  as  the  total  coats  of  two  competing  systems,  v‘c.  (Joe  Table  IV) 

C5R  Development  by  Component  Level  cr  Cost  Element 

CER’s  may  be  developed  either  at  tne  total  subsystem  level  (e.g., 
airframe,  propulsion,  electronics)  or  at  the  cost  element  level 

(e.g.,  labor,  materials,  i^erhead.)  However,  regardless  of  the  level  of 
detail  desired,  an  initial  separation  must  be  made  between  those  costs 
that  ars- those  that  are  one-time  costs  or  non-recurring. 

Examples  non-recurring  costs  are  initial  engineering  ar>d  tooling, 
eng  .trie  ering  tests,  and  test  vehicles.  Recurring  costs  are  those  costs 
whioh  continue  over  the  life  of  a  production  run  and  are  allocable  on  a 
pe~  unit  basis.  The  major  portion  of  the  DT&E  costs  of  an  estimate  are  non¬ 
recurring  costs.  The  investment  cost  portion  of  an  estimate  includes  a 
much  smaller  percentage  of  non-recurring  cost s-product ion  tooling  is  generally 
the  major  expenditure  in  this  category.  Although  it  is  more  difficult  to 
develop  cost  estimating  relationships  for  non-recurring  costs,  estimating 
methods  applicable  to  these  types  of  costs  will  be  discussed. 


Cost  e»t  unatj ng  relationships  in  use  today  generally  relate  cost  to 
qu4?!tity  and  component  weight.  The  effect  cf  quantity  and  weight  i* 
considered  in  the  cost  estimating  o?  al  aircraft-  components,  However, 

V 

very  little  effort  seems  to  have  been  devoted  to  studying  the  effect  on 
cost  of  the  many  technical  and  performance  characteristic*  of  weapon  aysteas. 
Thie  is  probably  due  at  least  partially  to  the  difficulties  encountered 
when  the  relationships  involving  more  than  two  variable®  are  measured*  The 
effects  of  interactions  between  independent  variable*  must  few  determined 
in  order  to  obtain  a  valid  estimate-  of  total  explained  coat  variation. 
However,  this  is  a  complicated  and  time  consuming  effort  and  requires  an 
extensive  amount  of  data  which  usually  i®  not  available. 

The  relationship  between  the  cost  of  producing  &  component  and  the 
number  of  coasponent*  produced  is  usually  referred  to  as  a  "progress 
curve"  or  "learning  curve1'  as  defined  earlier  in  this  paper.  In  general, 
t-he  learning  carve  effect  is  a  decrease  In  recurring  production  ro^ts 
the  number  of  units  produced  increases. 

Next  to  quantity,  weight  appears  to  explain  more  variations  in  com¬ 
ponent  coet  than  any  other  physical  characteristic.  There  have  been  many 
regression  studies  relating  weight,  to  cost  which,  at  a  given  quantity.’ have 
indicated  the  validity  of  thie  relationship.  However,  f  the  case  of 

t 

electronic  equipment,  this  relationship  does  not  hold  true.  The  coet  of 

* 

electronic  equipment  is  still  continuing  to  rise  and  miniaturization  has 
caused  coat  per  pound  to  go  up.  This  tn  itself  indicates  that  cost 
per  pound  i*  a  poor  relationship  for  estimating  the  cost  of  electronic 
equipment  at  this  time.  In  general,  ths  estimate*  i.v.  new  the  cost  of 

a 


39 


I 

i 

{ 

5 

similar  ^ypes  ojl  ftlec-Uuuio  devisee  uc  b?se  for  estimating  the  cost 
of  nsw  equipment*  This  ia  known  aa  "pricing  by  analogy*’. 

Although  it  is  generally  preferable  to  estimate  costa  on  the  basis  of 
the  major  ccaponent  elements  (labor,  materials,  and  overhead),  the  air- 
fYa»»  portion  is  usually  the  only  component  estimated  on  this  basis. 

This  i*  due  to  the  fact  that  seldom  is  adequate  data  available  to  estimate 
engine  and  electronics  costs  at  this  level  of  detail. 

Airframe  Coat  Estimating  Relationship 

| 

|  Noai-Recurring  Costa 

Estimating  the  cost  of  an  airframe  requires  a  breakdown  into 
two  par 03.  One  part  includes  all  non-recurring  costs;  the  other,  all 

v  - 

recurring  costs.  Most  of  the  recurring  coats  are  accounted  for  by  manu¬ 
facturing  and  roost  of  the  non-recurring  costs  by  initial  tooling  and 
engineering,  and  flight  test.  Airframe  weight  is  the  parameter  in 
general  usage  today  for  estimating  both  recurring  and  non-recurring  air- 
fraa®  coots. 

Studies  of  non-recurring  airframe  costs  are  being  conducted  in  order 
to  attesapt  to  develop  a  more  valid  predictor  of  this  category  of  costs. 
Hows  van,  for  the  present,  a  reasonable  method  for  estimating  total  non¬ 
recurring  cost  ia  by  developing  non-recurring  cost  versus  airframe  weight 
-’irvaa.  This  total  cost  can  then  be  subdivided  into  initial  tooling  and 
engineering,  and  flight  test  costs  on  the  basis  of  past  cost  distribution 
experience. 
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Manufacturing  costs,  as  stated  previously,  account  for  the  major 
portion  of  recurring  costs,  "tie  principal  cost  elements  of  manufacturing 
ar*>  materials,  direct  labor,  and  overhead. 

Cost-weight  curves  or  regression  estimating  equations  may  be  developed 
to  estimate  the  airframe  materials  cost  based  on  any  given  airframe  weight. 
This  relationship  would  be  subject  to  c*?*tain  adjustments  in  the  event  a 
mor*  acetic  mi  srial  is  .’substituted  for  tne  tyne  of  material  upon  which 
the  CER  was  based.  Figure  1  presents  c.  typical  cost-weight  curve  for 
airframe  material. 

The  direct  labor  involved  in  manufacturing  an  airframe  is  defined  to 

Include  all  hours  expended  on  fabrication,  sub-assembly,  final  assembly, 

and  testing.  These  direct  manhour  expenditures  are  kept  up  to  date  and 

reported  quarterly  in  an  AFSC  document  entitled  "AMPR/MMFR,  Quarterly 
l 

Tabulation  -  Basic  Productivity  and  Utilization  Data  from  Producers  of 
Aircraft,  Missiles,  and  Major  Supporting  3ub-Syst eras’' .  The  manhours  are 
reported  as  "on  and  o* '-site  direct  man-heurs"  in  order  to  give  consider¬ 
ation  to  the  off-site  manhours  which  reflect  the  amount  of  airframe  sub¬ 
contracted.  It  is  generally  felt  that  this  data  provides  a  sound  basis 
for  estimating  airframe  direct  labor  cost.  The  most  useful  cost  estimating 
relationship  for  this  cost  element  has  been  the  cost-weight  curve.  An 
example  cf  this  type  of  curve  is  given  in  Figure  2. 

Manufacturing  overhead  is  generally  regarded  as  being  a  linear  function 

of  direct  cost.  Although  certain  items  in  the  overhead  category  do 

i 

not  vary  with  direct  Inbcr  cost,  this  percentage-of-direc*.  _abor  method 
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appears  to  be  the  most  satisfactory  cost  estimating  relationship 
§$rj*ently  available.  Review  of  available  data  contained  in  Air  Force 
ecRtfacts  indicates  that  within  the  airframe  industry  the  overhead  rates 
in  general  use  appear  to  be  within  the  range  of  150^200%  of  direct  labor 
cost. 

In  addition  to  manufacturing  cost,  another  fairly  significant  recurring 
cost  it**  is  ’’Sustaining  Tooling  and  Engineering".  As  a  result  of  consid¬ 
erable  statistical  analysis,  it  appears  that  the  most  appropriate  measure 
of  this  coet  element  is  its  relationship  (in  terms  of  percentage)  to 
manufacturing  cost.  A  ~ange  of  20  to  30%  of  manufacturing  cost  is  con¬ 
sidered  to  be  a  reasonable  approximation. 


Airframe  Costing  techniques  are  not  applicable  to  costing  of  engine 
and  other  sub eye terns.  The  distribution  of  labor  hours  is  usually  quite 
different.  Also  the  amount  of  cost  detail  available  for  airframes  is 
seldom  available  to  the  same  extent  for  the  other  subsystems,  The  method 
generally  used  for  predicting  engine  costs,  therefore,  is  to  develop  a 
coet  estimating  relationship  of  engine  coat,  to  the  ratio  of  engine  dry 
weight  divided  by  engine  thrust,  or  the  engine  specific  weight.  This  msy 
be  accomplished  by  ths  Correlation  and  Regression  Analysis  technique  which 
wme  described  previously  in  this  paper,  or  by  use  of  the  Scatter  Diagram, 
Figure  3  presents  an  example  of  turbojet  engine  costa  plotted  as  a  function 
of  specific  weight. 


m 
■//.  •  , 
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Subsystems  (exclusive  of  engines)  do  not  appear  to  follow  any  cost- 
weight  or  any  other  statistical  relationship  by  which  coats  could  be 
predicted  frm  any  given  parameter*  The  most  common  method  for  predicting 
these  subsystem  costs  ties  been  ’’costing  by  analogy”;  that  is,  projection 
-from  these  coots  of  comparable  existing  subsystems  by  the  applioetion  of 
complexity  fa>  ors  to  account  for  increased  sophistication  in  the  system 
above  the  basic  system,  ^ 

Examples  of  CFR’s  for  predicting  DT&E  and  investment  costa, 

1.  Airframe  design  engineering  cost  as  a  function  of  airframe  weight, 

2,  Airf.ame  hardware  fabrication  as  a  function  of  airframe  weight* 

3*  Airframe  manufacturing  facilities  cost  as  a  function  of  airframe 

diameter. 

4*  Engine  design  engineering  cost  a$  a  function  cf  specific  weight. 

5.  Airframe  direct  labor  cost  per  pound  of  airframe  v right  as  a  function 
of  cumlative  output  and/or  rate  of  output., 

6»  jri&nufacturing  overhead  cost  as  a  percentage  of  direct  labor  cost 
7*  Material  cost  per  pound  as  a  function  of  cumulative  outpit. 

8*  Subsyatem  spares  cost  as  a  percentage  of  initial  investment  cor*. 


Annual  Operating  Hosts 


Annual  operating  costs  are  recurring  coats  which  continue  over  the 
life  of  a  system.  The  m/Hor  cost  element#  As  illustrated  in  Table  331 
are: 

1.  Equipment  and  facilities  replacement 

2.  Equipment  end  facilities  maintenance 

3.  Pay  and  allowances 

U.  Training 

5.  Fuels,  lubricants,  and  propellants 

6.  Transportation 

7.  Travel 

8.  Other  services 

A  number  of  cost  estimating  relationships  have  already  been  developed 
and  are  available  in  the  USAF  Planning  Factors  Manual  ATM  172-3.  Theee 
relationships  are  constantly  being  revised  or  replaced  as  more  operating 
command  experience  becomes  available.  The  CERts  are  generally  of  the  farm: 
cost  per  person,  cost  per  flying  hour,  or  cost  per  squadron. 

Pay  and  allowances  costs  are  usually  computed  on  the  basis  of  an  average 
annual  cost  factor  per  man,  for  example,  $6000  per  man.  The  total  annual 
cost  may  then  be  increased  by  an  arbitrary  percentage  baaed  oa  the  aesm  1 
turnover  rate. 

Equipment  and  facilities  replacement  and  maintenance  are  usually 
predicted  on  the  basis  of  the  expected  annual  flying  hours  per  aircraft. 

Training  costs  are  based  on  Air  Training  C  mmtt d  experience  factors  of 

training  coat  per  man. 
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POL  costs  are  also  determined  from  the  annual  flying  hours  and  specific 
fuel  eonraaptiem  p»r  engine. 

The  other  items  are  generally  based  on  a  factor  of  cost  per  man* 


Surma  ry 

■.h.iwmki  wip* 


The  CS?t8  that  havs  beon  developed  to  date  are  largely  directed 
toward  predicting  recurring  costs#  This,  therefore,  provides  fairly 
adequate  coverage  of  the  Investment  and  Annual  Operating  cost  categories. 
Howfcver;  the  DT62  area,  which  consists  primarily  of  non-recurring  cost  items 
does  not  have  currently  available  CER*s  to  provide  the  came  cost  pre¬ 
diction  capability.  This  has  been,  and  will  continue  to  be,  a  difficult 
area  for  developing  cost  estimating  relationships  because  regression 
techniques  and  other  statistical  methods  do  not.  logically  apply  to  these 
types  of  costs-  Studies  are  continuing,  however,  which  hopefully  will 
result  in  tne  development  of  at  least  some  C^R’s  needed  to  inject  a 
measure  of  validity  into  DT&E  ~ost  estimates. 


